Seismic P-and S-wave velocities of the lower lithosphere and underlying asthenosphere at the SW margin of the East European Craton in northern Poland were obtained with different seismic techniques: seismic refraction, P-residuals of the first arrivals from teleseismic earthquakes, P-wave receiver function, and inversion of the Rayleigh surface wave dispersion curves, the last two using data collected in the passive seismic experiment "13 BB star". The uniform array consisted of 13 stations deployed in a 120 km in diameter area. Below the depth of 180-220 km a decrease of about 6% of the S-wave velocity is interpreted as a thermal gradient zone corresponding to a lithosphere-asthenosphere transition. The average mantle velocities down to a depth of 300 km beneath the array are relatively high, exceeding values for other Precambrian cratons by 0.1-0.2 km/s, and cannot be modeled by reasonable mantle peridotite compositions in the lithospheric part of the profile. We suggest that significant peridotite anisotropy could explain the misfit between measured and calculated seismic velocities in the lithosphere.
Introduction
The contact between the East European Craton (EEC) and the Palaeozoic Platform (PP) located to the SW is a major geological boundary in Europe. The contact zone-TransEuropean Suture Zone (TESZ)-is mostly located in Poland, where it is hidden beneath the cover of sedimentary rocks of various thicknesses. Nevertheless, its crustal structure is relatively well-known thanks to numerous boreholes and geophysical studies (e.g., Grad et al. 2016) . On the other hand, the sub-Moho part of TESZ is poorly recognized. Puziewicz et al. (2017) suggested that its uppermost part is dominated by harzburgites of relatively low Mg/(Mg + Fe) 0.91. The continental-scale seismic studies (Hoernle et al. 1995; Voss et al. 2006) show that the EEC mantle is relatively thin at its SW margin and its thickness increases to the NE. This indicates that the EEC margin close to TESZ is underlain by a non-cratonic lithospheric mantle. The only mantle samples in the SW margin of EEC are xenoliths occurring in the Jurassic lavas of Scania in SW Sweden (Rehfeldt et al. 2007) . Their characteristics are typical of Phanerozoic mantle spinel facies.
In this paper, we describe the results of the seismic experiment "13 BB star". An array of 13 broadband stations was located in the south-western margin of the Fennoscandia, close to the Trans-European Suture Zone (TESZ). Seismic S-wave velocity in the sub-Moho lithosphere is relatively large, 0.1-0.2 km/s higher than for other old Precambrian cratons. First, a S velocity increase was found at a depth of 75-90 km. Second, a high velocity layer at a depth of 180-220 km is underlain by a significant velocity decrease, which corresponds to the asthenosphere.
Our results show that the petrological interpretation of a seismic signal is not possible in the isotropic approach. Therefore, we suggest that the lithospheric mantle 1 3 underlying the SW margin of East European Craton consists of peridotites which are both seismically and texturally anisotropic.
Methods
To study the lithosphere and asthenosphere in the marginal zone of the EEC, we used different seismic techniques: seismic refraction, P-residuals of the first arrivals from teleseismic earthquakes, P-wave receiver function, and inversion of the Rayleigh surface wave dispersion curves (e.g., Zielhuis and Nolet 1994; Wilde-Piórko et al. 2002 Geissler et al. 2010; Janutyte et al. 2015; Soomro et al. 2016; Meier et al. 2016; Knapmeyer-Endrun et al. 2017) . The nature of the seismic lithosphere-asthenosphere boundary (LAB) is still debated, particularly under "cold" Precambrian shields and platforms. The passive experiment "13 BB star" (Grad et al. 2015) was deployed to study the LAB in the marginal zone of the EEC in northern Poland. The seismic array consisted of 13 stations deployed in the area of ca. 120 km in diameter, equipped with broadband seismometers RefTek 151-120 ("Observer"). The "Observer" is a low noise threecomponent seismometer with a frequency bandwidth of 0.0083-50 Hz (which corresponds to periods 120-0.02 s), flat to velocity.
The records obtained during a more than 3-year long recording campaign, yielded a detailed image of the lower lithosphere and LAB structure. The array was located in the area of well-known sedimentary cover and crustal structure, so seismic velocities down to a depth of 300 km obtained from the Rayleigh surface wave dispersion curves are not affected by shallow structure uncertainty.
Geological context
The East European Craton is the coherent Precambrian, mainly Archaean and Paleoproterozoic, part of the continental plate and occupies the north-eastern portion of Europe (Bogdanova et al. , 2015 . Three independent crustal segments: Fennoscandia, Sarmatia and Volgo-Uralia, collided to form the EEC (Bogdanova et al. 1996) . The study area around the "13 BB star" array (Figs. 1, 2a, b) is located in the south-western margin of the Fennoscandia, close to the Trans-European Suture Zone (TESZ). The central station A0 is located about 50 km from the TESZ. The crystalline basement of the EEC is buried beneath a 5-9 km thick cover of sediments, and is interpreted to be the prolongation of the 1.81-1.76 Ga Trans-Scandinavian Igneous Belt (Bogdanova et al. 2015 and references therein). The Polish Basin adjoining the part of EEC discussed in this study is filled with Upper Palaeozoic, Meso-and Cenozoic sedimentary 10-12 km sequences, underlain by a sedimentary "pre-Variscan consolidated crust" reaching the depth of 20 km; Moho is located at ca. 37 km (e.g., Dadlez et al. 2005; Dadlez 2006; Janik et al. 2005) .
The area of the array (Figs. 1b, c, 2 ) is characterized by a thick crust with Moho at a depth of 40-45 km, and high Pn velocities (> 8.2 km/s) in the uppermost mantle. Across the TESZ to the southwest the abrupt transition of the crustal thickness to 28-32 km (Fig. 1b) takes place over a short lateral distance of less than 200 km (Grad et al. , 2016 . The TESZ is also a border of thermal provinces, separating the "cold" Precambrian craton with a heat flow 30-50 mW/m 2 and the "hot" Paleozoic platform with a heat flow 70-80 mW/m 2 (Figs. 1c, 2b; Majorowicz et al. 2003; Majorowicz and Wybraniec 2011) .
The tomographic seismic cross-sections through the EEC-TESZ contact presented by Hoernle et al. (1995) , albeit of low resolution, suggest that the EEC mantle is relatively thin at its SW margin and its thickness increases to the NE, and that the contact zone is underlain by an intermingled sequence of mantle rocks of varying velocities. Voss et al. (2006) present similar data, claiming that the contact between TESZ and EEC is dipping at 30-45° to the NE.
Seismic P-and S-wave velocity models down to 300 km depth

Crustal structure
The crustal structure of the EEC beneath the "13 BB star" array could be extracted from a recently presented highresolution 3D seismic model for the crust and uppermost mantle down to a depth of 60 km in the area of Poland (Grad et al. 2016) . For the whole territory of Poland the sedimentary cover, three-layered crystalline crust and uppermost mantle show great variations both in thickness and P-wave velocity (Fig. 2) . The upper crust is about 12 km thick with V p = 6.1 km/s (Fig. 2c, d ). The total thickness of the crystalline crust is about 35 km, and V p velocity below Moho is about 8.2 km/s (Fig. 2e, f) . The seismic P-wave velocity model of the crust beneath the central station A0 in the depth ranges from 160 m a.s.l. down to 60 km is shown in Fig. 3a . In this model, a high velocity layer in sediments at a depth of about 2 km corresponds to Permian rocks.
P-wave velocity model
In the Polish part of the EEC the seismic lithosphere thickness is about 200 km, while it is only 90 km south of TESZ in the Paleozoic platform (Wilde-Piórko et al. 2010) . Till now, we had no deep seismic data in the area of the "13 BB star" array. So, we used a P-wave velocity model for the P4 profile, which was integrated from deep refraction investigations, receiver function, and P-residuals method. The mantle model down to a depth of 300 km was extracted from the 2D model beneath profile P4 (at 412.5 km; Wilde-Piórko et al. 2010) and is shown in Fig. 3b . The low-velocity layer (LVZ) at depths of 60-80 km is a lower lithosphere inhomogeneity. Similar LVZ were also observed in other areas of the EEC. Beneath Scania in the southern Baltic Shield, a relatively thin low-velocity layer was found 15 km below the Moho (Grad et al. 2014) . It can be interpreted as small-scale lithospheric heterogeneity and can be explained by a model with a 16 km thick lowvelocity layer with a P-wave velocity drop of 0.33 km/s. Such a velocity contrast is sufficient to explain the strong amplitudes of multiple reflections. Another decrease of the P-wave velocities in the model in Fig. 3b at a depth of about 180-200 km, corresponds to the lithosphere-asthenosphere boundary/zone (LAB).
S-wave velocity models from surface waves
The modeling of the seismic structure of the EEC marginal zone in northern Poland was performed using the data from the "13 BB star" experiment performed during 2013-2016. To calculate dispersion curves from Rayleigh surface waves, the Automated Surface-Wave Measuring System (ASWMS) package was used (Jin and Gaherty 2015) . It allows for measuring the phase and amplitude of surface waves from raw seismic waveforms and uses these measurements to calculate phase velocity maps for different wave periods using the Eikonal and Helmholtz equation.
Before performing the phase velocity calculation, all recorded events were created and manually checked for quality. As a result, 135 good quality events were selected for all 13 stations and 478 events were recorded with good quality on over 50% of stations. Finally 5697 station-event pairs were selected as good quality. green. The red circle shows the location of the "13 BB star" array in northern Poland (Grad et al. 2015) . The P4-dot shows the location of the V p mantle model from profile P4 (Wilde-Piórko et al. 2010) . The orange dotted line shows a profile for which mantle models are shown in Fig. 10 . The yellow star shows the location of basanites in Scania (southern Sweden) analyzed by Rehfeldt et al. (2007) . b The Moho depth map (Grad et al. , 2016 and c surface heat flow (Majorowicz and Wybraniec 2011) of the study area. The Trans-European Suture Zone separates the thick and cold Precambrian crust from the younger thin and hot crust For each station-event pair, raw seismic data was converted from daily mini-seed files to single SAC files with embedded event parameters (latitude, longitude, depth and magnitude). SAC data files were then imported to the ASWMS package and used for phase velocity calculations. The primary result of calculations are phase velocity maps for different wave periods. In this case maps were calculated for periods from 10 to 160 s every 5 s. Even though broadband seismometers used in the "13 BB star" experiment had a flat frequency response up to 120 s, they were able to provide frequency data within lower frequencies. Dispersion curves were prepared, with values taken from corresponding grid cells on all the maps. The final dispersion curve was obtained by averaging all the dispersion curves for each period and is shown as blue dots and a blue line in Fig. 4a , with a range based on minimal and maximal velocities. In this figure, numbers above the period values indicate an approximate depth in kilometers of the surface wave penetration.
Four techniques were applied to solve the inverse problem for Rayleigh-wave dispersion: the iterative least-squares optimization of the linear problem, the trans-dimensional Monte Carlo method with unknown data uncertainty, the Monte Carlo Neighborhood Algorithm and the trial-anderror approaches.
• Linearized damped least-squares inversion was performed with Computer Programs in the Seismology (CPS) package (Herrmann 2013) . The minimized difference between model vectors in current and previous iteration was tuned with weighting a damping parameter. The minimized function expresses the trade-off between data misfit and model roughness. The linearized inversion is known for being trapped by local minima and (Grad et al. 2016) . Position of the TTZ in Poland after Narkiewicz et al. (2011) therefore we considered the ensemble of starting models to explore the whole space of physically plausible solutions. In the starting model, the crustal structure was derived from previous studies (Grad et al. 2016 ). The mantle, in turn, had a different velocity for different models. The lowest and the highest mantle velocity was 4 and 5 km/s, respectively. The rest of the models had mantle velocities evenly spaced between these extreme values ( Fig. 4b ). The maximum depth was set to 300 km. In the inversion, a weight of 0.5 was assigned to all the crustal layers, and a weight 1.0 to all the mantle layers. In this way, modification of the crust throughout the inversion was inhibited. It is here referred to as a "freezing" of the crust. The optimum value of the weighting parameter, number of iterations (max 20), as well as other elements of inversion strategy were inferred via synthetic tests. The inversion for all 20 starting models was carried out ( A prior distribution of V s was uniform within a ± 20% range of the reference model consisting of the crust derived from previous studies (Grad et al. 2016 ) and a homogeneous mantle (V s = 4.69 km/s) down to a depth of 300 km. The convergence to the posterior distribution was investigated for various widths of proposal distributions and chain lengths. A total number of iterations was 2 × 10 6 , but only the last 10 6 were considered as posterior (Chrapkiewicz 2017 (Chrapkiewicz , 2018 . The results, a mean (light blue) and its standard deviation calculated from the posterior distribution obtained with rjMcMC inversion, are shown in Fig. 4f . It is consistent with the results of linearized inversion (Fig. 4e ) within the uncertainties (standard deviations).
• The Monte Carlo Neighborhood Algorithm (MCNA) inversion described by Sambridge (1999) , Mordret et al. (2014) and Lepore et al. (2018) was applied to the starting Rayleigh-wave phase velocity dispersion curve. As a starting model, we chose a layered 1D profile considering the thickness, the S-wave velocity, the density and the Poisson's ratio as parameters. For each layer, the thickness, density and Poisson's ratio were fixed. On the contrary, the S-wave velocity was assumed as a combination of gradient and constant trends within 4.7-4.9 km/s down to 300 km. As shown in the literature (Shapiro and Ritzwoller 2002), the starting model was prolonged down to 1000 km using the S-wave velocities from the iasp91 reference model (Kennett and Engdahl 1991) . To find the solution of the inversion process, the MCNA involves a nonlinear iterative search technique to seek the global minimum of the error function without being influenced by the chosen starting model. Therefore, the final S-wave velocity models were evaluated by iterative inversions, comparing the dispersion curves with a group of theoretical ones belonging to the same population within a preset confidence limit (Maraschini and Foti 2010 ). The best model (Fig. 4g ) was calculated by a weighted aver- The low-velocity layer (LVZ) at depths of 60-80 km is a lower lithosphere inhomogeneity, while the decreasing P-wave velocity at about 180-210 km corresponds to the lithosphere-asthenosphere boundary (LAB) Fig. 4 Modeling of the upper mantle S-wave velocity structure below "13 BB star" array using dispersion curves of Rayleigh surface waves. a Experimental dispersion curve obtained by averaging all dispersion curves for each 5 s periods shown by blue dots; the thin lines show range of dispersion for all array stations. b A set of 20 starting models to explore the whole space of physically plausible solutions within a range of 4-5 km/s. The crustal structure derived from previous studies ( Fig. 3a ; Grad et al. 2016 ) is common to all models and partly frozen in inversion. c Results of linearized inversion for all 20 starting models. Colors correspond to the starting models. d Experimental curve (blue) compared to the synthetics computed from all final models (colors correspond to starting models). e A mean model (pink) and its standard deviation (yellow) calculated from the results obtained by inversion for all starting models. f A final (posterior) distribution of models obtained with rjMcMC inversion. The bright color indicates the high probability of V s at a given depth. A prior distribution of V s was uniform within a ± 20% range of the reference model consisting of the crust derived from previous studies ( Fig. 3a ; Grad et al. 2016 ) and homogeneous mantle (V s = 4.69 km/s) down to a depth of 300 km. A total number of iterations was 2 × 10 6 , but only the last 10 6 were considered as posterior. A light blue line is model calculated from the posterior distribution obtained with rjMcMC inversion. g Result of nonlinear Monte Carlo inversion (smooth model). h Model obtained by trial-and-error approach (green line; see text for more explanation). i Experimental curve (blue) compared to the synthetic results (green line) computed for the final model by trial-and-error approach age over the final models, using the inverse of the values assumed by the error function as weighting factors.
• The trial-and-error approach was employed to improve the best model, putting the Rayleigh-wave velocity variations and the S-wave velocity changes in a more local relation than using the MCNA. To that end, the starting dispersion curve was divided in several intervals whose periods ranged within 15-25 s. Then, the S-wave velocities of the best model were properly corrected at the corresponding depths to obtain the trial-and-error model shown in Fig. 4h . The dispersion curve corresponding to this last model was estimated using the CPS package described by Herrmann (2013) . Therefore, the model was imported inside a flat, isotropic, constant velocity model: then, the related eigenfunctions were calculated. The average dispersion curve, shown in Fig. 4i , was evaluated as the product of the eigenfunctions and the relative differential operator.
The models which were obtained using the four techniques indicate similarities in S-wave velocity distribution with depth. The linearized damped least-squares inversion for a broad range of 20 starting models (Fig. 4b) gives a set of models ( Fig. 4c ) with very similar dispersion curves (Fig. 4d) and a relatively small standard deviation (Fig. 4e) . Transdimensional Monte Carlo inversion (Fig. 4f, g ), which used a huge number of iterations, is consistent with the results of the linearized inversion (Fig. 4e) with slightly larger uncertainties. In both inversions the final models are similar (Fig. 4e,  g ). The S-wave velocity with depth is changing smoothly, with higher velocities at depth ranges of about 50-100 km and 150-200 km. The experimental dispersion curve fits well in the period ranges of about 20-60 s and 120-160 s (Fig. 4d) . However, more complex velocity models are needed to better describe the undulations of the dispersion curve in the period range 60-120 s. The solution is found using two other approaches, i.e., the Monte Carlo Neighborhood Algorithm (Fig. 4g ) and the trial-and-error (Fig. 4h, i) . In both results, the higher velocities at depth ranges of about 50-100 km and 150-200 km are more distinct. As a common feature in all four models, a S-wave velocity lowering begins in the depth range of 180-220 km, meaning that the low-velocity zone (LVZ) may be interpreted as a transition zone between lithosphere and asthenosphere.
Seismic velocity-density relations
The relationships between density and seismic velocities were investigated using velocity and density measurements under laboratory conditions (e.g., Birch 1961; Krasovsky 1981; Barton 1986; Christensen and Mooney 1995; Schön 1998) , as well as in a simultaneous interpretation of seismic experimental data and gravity anomalies (e.g., Kozlovskaya et al. 2001 Kozlovskaya et al. , 2004 Krysiński et al. 2009 ).
The classical formula of Birch (1961) was obtained in rock samples under laboratory conditions for pressure of up to 10 kilobars: in which ρ is density in g/cm 3 , V p is the P-wave velocity in km/s, and m is the mean atomic weight of rock.
Gardner's equation (Gardner et al. 1974 ) is widely used for sedimentary rocks (excluding evaporates and carbonaceous rocks) for the V p velocity range of 1.5-6.1 km/s:
where ρ is density in g/cm 3 and V p is P-wave velocity in km/s.
The relationships between seismic velocity and density was investigated along a few thousand kilometers long seismic transects with the use of gravity anomalies. The linear relationship the for crystalline Precambrian crust in Central Europe was defined by Krysiński et al. (2009): where density ρ is in g/cm 3 , and velocity V p is in km/s. A more complex relationship to convert the velocity to density in the crust was Brocher's empirical formula (Brocher 2005): where ρ is in g/cm 3 , and velocity V p is in km/s. The most universal density-velocity relations used in the joint seismic-gravity interpretation are the Nafe-Drake curves (Ludwig et al. 1970) . Both ρ(V p ) and ρ(V s ) curves together with other relationships are shown in Fig. 5 . In this figure, relations ρ(V p ) and ρ(V s ) for the mantle rocks extracted from the model PREM (Dziewonski and Anderson 1981) are also presented.
The relationships connecting density to both P-and S-wave velocities are very seldom used to integrate seismic and gravity data, because the velocity models from seismic experiments are usually based upon an interpretation of P waves. The linear relationship between V p , V s and ρ for lithospheric rocks was presented in the petrophysical handbook for rocks and minerals (Dortman 1992): These relationships between seismic velocities and density for rocks were tested for seismic data from the area of 
Constraints on the crust and upper mantle temperature, density and pressure
Temperature
Heat flow Q in the studied area of northern Poland is low (Fig. 1c) . It is characteristic for the "thick crust" of the EEC as evident from the map of Q corrected for the paleoclimatic effect for the European continent by Majorowicz and Wybraniec (2011) . The value of Q representative for the study was calculated within the 30 km radius circle for which an average value is Q = 46.3 mW/m 2 (Fig. 2b) . It is about two times lower than Q in the "thin crust" of the Variscan foreland area in SW Poland (Fig. 1c) supposedly caused by a higher mantle contribution (Majorowicz 2004) . Previous estimates of the geotherms and thermal LAB depth revealed the depth of the thermal lithosphere (peridotite solidus) of about 100 km under the Variscan foreland part of the Paleozoic Platform, and more than 200 km below the East European Craton (Majorowicz et al. 2003) . In the Inner Variscan zone Puziewicz et al.'s (2012) study of geotherms constrained by the petrological studies of mantle xenoliths in the region of the amphibolite Niedźwiedź Massif (ForeSudetic Block in NE Bohemian Massif), suggested a lithospheric thickness of about 80 km.
Temperature-depth curves of the EEC for the study area were calculated for the average heat flow Q = 46.3 mW/m 2 and for two models of heat generation. To calculate Geotherm 1, we take an average heat generation of A = 1.12 µW/ m 3 from data of radiogenic heat production from measured U235 (ppm), Th232 (ppm) and K40 (%) contents in 22 core samples from deep wells penetrating depths below the Precambrian basement in the N-NE Poland-these can be found in Table 1 in Majorowicz (1984) . Both the average Q = 46.3 mW/m 2 and the average A = 1.12 µW/m 3 are below the corresponding continental averages from the relationship between Q vs. age, and A vs. age ( Fig. 6 ; compilation from Jessop et al. 1976; Majorowicz and Jessop 1981; Majorowicz 1984) . The model of radiogenic heat production with depth A(h) and calculated heat flow Q(h) are shown in Fig. 7 (left panel and middle panel, respectively).
We also construct Geotherm 2 assuming the same average Q and different model of A(h). We assume higher A in the granitic upper crystalline crust. Granitic rock for which A was determined are from measured radiogenic elements from 6 cores in NE Poland (Majorowicz 2004 ). Heat generation A varies in the range 1.3-3.9 µW/m 3 with an average 2.3 µW/m 3 . In comparison to that, heat generation A in the sediments, middle crust and lower crust were reduced to a lower range of A values (Hyndman and Lewis 1999; Hyndman et al. 2009 ). Mantle A = 0.02 µW/m 3 (Rudnick et al. 1998 ) are assumed for both models. Assumed upper crustal thermal conductivity k = 2.7 W/mK is for ambient conditions. We account for the dependence of k on pressure and temperature. We have used a depth (pressure)-temperature correction by Chapman and Furlong (1992) . Mantle k is 2.8 W/mK from Hyndman and Lewis (1999) . The mantle adiabat adopted here (Fig. 7) from MacKenzie and Canil (1999) determines the depth to the thermal LAB which varies from 180 km for Geotherm 1 to 230-240 km for Geotherm 2 (Fig. 7, right panel) . As a comparison, we show (Fig. 7) the worldwide continental geotherms (Pollack and Chapman 1977) which are based on the relationship between the continental heat flow Q and reduced heat flow Q r , i.e., the heat flow below the high radiogenic upper crust; Q r is about 60% of the surface heat flow Q. We also show the geotherm for the Baltic Shield calculated by Maj (1991) , which is also consistent with the data of Kukkonen and Peltonen (1999) obtained from xenolith-controlled geotherm for the central Fennoscandian Shield. Our Geotherms 1 and 2 are well within these bounds. Compared with mantle adiabat (MacKenzie and Canil 1999; Hirschmann 2000) Geotherm 1 estimates LAB close to 180 km, while Geotherm 2 shows that LAB is close to 220 km. 5 Relationships between P-and S-wave velocities and density. Empirical Nafe-Drake relation (Nafe and Drake 1963; Ludwig et al. 1970) represented by the solid red line is shown together with other global and regional relations. The green rectangle with green dot shows a range and an average value for the Tertiary and Quaternary sediments (e.g., Dąbrowski and Kaczkowska 1965; Dąbrowski 1971; Hawkins 2003; Harrison 2004) . Relationships by Gardner et al. (1974) and Brocher (2005) are representative for sedimentary cover and crust. Crystalline crust of the old (Precambrian) platforms and cratons is well-described by relations of Krasovsky (1981) , Sobolev and Babeyko (1994) and Krysiński et al. (2009) . As a comparison, the empirical linear relationship known as Birch's law (for mean atomic weight of rock m = 21 and m = 22) and global data from PREM model are shown (Birch 1961; Dziewonski and Anderson 1981) 
Density
The density distribution with depth is needed for the determination of pressure change with depth. For the crust, from the topography down to the Moho, the density could be determined from the known V p velocity model (Grad et al. 2016) , using the relationship between velocity and density. For the central station A0, the seismic model is shown in Fig. 3a , and the thickness of Tertiary and Quaternary sediments is here only 260 m with velocities 1.8-1.9 km/s, so we used a constant density of ρ TQ = 1.9 g/ cm 3 . This density was found as an average for the Polish part of the EEC (Dąbrowski and Kaczkowska 1965; Dąbrowski 1971) , as well as in other areas (e.g., Hawkins 2003; Harrison 2004) . For the sediments down to a depth of 6 km, we used Gardner's formula (2) which is widely accepted as being representative for sedimentary cover (Gardner et al. 1974; Sheriff and Geldart 1995) . For the Precambrian crystalline crust we used a linear relationship (3) defined for Central Europe (Krysiński et al. 2009 ). This relationship describes well the crustal density and is very close to other relations for the old cratons ( Fig. 5 ; see e.g., Krasovsky 1981; Sobolev and Babeyko 1994) , and fits to the classical Birch's law for mean atomic weight of rock m = 21-22 (Birch 1961) .
We calculated the mantle densities in two ways: (a) using the velocity-density relationships, and (b) from the local geotherm using an independent technique according to Poudjom Djomani et al. (2001) . The results are shown in Fig. 8 . (Jessop et al. 1976; Majorowicz and Jessop 1981) . Yellow boxes indicate the heat flow data averaged in groups according to radiometric crustal age, and the mean heat flow values in each group are plotted as yellow crosses (Morgan 1984) . For the heat generation: CM Cenozoic-Mesozoic orogenic areas, H Hercynian areas, C Caledonian areas, LPr Late Precambrian platforms, NEP Precambrian platform of NE Poland, EPr Early Precambrian platforms, Ar Archean areas (Majorowicz 1984) . Averaged values of Q and A applied in this paper for the area of "13 BB star" array are shown by big blue dots with lines of age range (Majorowicz 1984 ) Fig. 7 Thermal characteristic of the East European Craton: heat generation A, heat flow Q and temperature-depth curves. Heat generation is representative for the EEC in northern Poland (Majorowicz 1984) . The short green line measures the temperature in the Prabuty IG-1 well (Majorowicz et al. 2003) . The Geotherm 1 and Geotherm 2 lines are calculated for the area of "13 BB star" array (compare Fig. 2b ). For the comparison, gray lines show worldwide continental geotherms for Q = 30, 40, 50 and 60 mW/m 2 (Pollack and Chapman 1977) . The dark blue line is geotherm for the Baltic Shield (Maj 1991 ). The orange line shows enriched peridotite solidus (MacKenzie and Canil 1999; Hirschmann 2000) (a) Initial data were P-wave velocity compiled for the mantle from deep seismic refraction, P-residuals, and receiver function (Wilde-Piórko et al. 2010) . The P-wave velocity model is shown in Fig. 3b . For conversion to density we used the ρ(V p ) Nafe-Drake relation (Fig. 5 ). For the average V s models from surface waves (Fig. 4) we used the ρ(V s ) Nafe-Drake relation. Finally, both V p and V s velocities were used in formula (5) for density determination. (b) The Mantle densities were also calculated from the average local geotherm (Fig. 7) according to the method used by Poudjom Djomani et al. (2001) . The reference density at the temperature of 20 °C depends on age. For the Proterozoic mantle the density is 3.35 ± 0.02 g/cm 3
. The change of density with temperature is described by the formula:
where ρ T is density at temperature T, ρ 20 is reference density at the temperature of 20 °C, and α is defined as:
The constant values for the Proterozoic mantle are: α 0 = 0.27014 × 10 −4 , α 1 = 1.05945 × 10 −8 , and α 2 = − 0.1243 (see Table 2 in Poudjom Djomani et al. 2001) . The densities determined from formulas (6) and (7) it should be corrected for pressure by the linear formula:
where δρ is density correction, β = 1/k parameter (for Proterozoic k = 130), and P is pressure in GPa. The final formula for density is: Density-depth relations for the approaches described above are compiled in Fig. 8a .
Pressure
Apart from temperature, in the depth range of a few hundred kilometers, the pressure effect for seismic velocity and density should be taken into consideration. For the investigated area we applied pressure-depth relationships calculated as a hydrostatic pressure for the crust and upper mantle density curves (Fig. 8c-e) , using an average value of gravity force 9.81 m/s 2 . Density profiles described in "Density" were used to calculate pressure with a depth starting with 101,325 Pa at the topography level (160 m a.s.l in this case).
Geophysical data set
Density and pressure are necessary for estimation of mineral rock composition. They are an input to the Hacker and
(8) = T P,
Abers (2004) spreadsheet. Summary of physical conditions, seismic velocities and mineral compositions for the upper mantle of the East European Craton margin beneath "13 BB star" array is compiled in Table 1 . All geophysical data with expected tolerance/accuracy are compiled in Fig. 8 .
The density-depth relations at the SW margin of East European Craton (Fig. 8a) were determined using Nafe-Drake relations. For the area of the P4 profile, the density was determined from the P-wave velocity model (see Fig. 1a for location and Fig. 3b for the model) . This area is located about 200 km from the "13 BB star" array, it gives independent information about the V p seismic structure of the upper mantle. For the average V s model from surface waves (Fig. 4e, g, h) another density profile from the Nafe-Drake relation was determined. The third density profile was determined from both P-and S-wave models using formula (5). The change of density with temperature was calculated from formulas (6-9). All four curves are compared with model PREM (Dziewonski and Anderson 1981) and their average with standard deviation ± 3σ is shown in Fig. 8b .
The pressure-depth relationships were calculated in a hydrostatic approach based on crustal and mantle relationships between the density and seismic velocities (Fig. 8c) . The pressure increases with depth approximately linearly to about 10 GPa at a depth of 300 km. In this scale, the pressure differentiation for different density-depth models is not visible, and all plotted lines are in practice within the line thickness. Therefore, in Fig. 8d we plotted relative pressure showing deflection from the model with a density of 3.3 g/cm 3 . The average relative pressure with standard deviation ± 3σ is shown in Fig. 8e .
The average geotherm (from Geotherm 1 and Geotherm 2; Fig. 7 ) for the area of "13 BB star" array is plotted with a ± 100 °C band (Fig. 8f) . At a depth of 300 km the average temperature is about 1750 °C, and "cold" and "warm" geotherms are just in ± 100 °C band.
The seismic model of the P-wave velocity (Fig. 3b ) was taken from profile P4 located about 200 km SE from the "13 BB star" array, and is shown in Fig. 8f with an assumed tolerance band of ± 0.15 km/s. Three S-wave velocity models for the study area around the A0 station, obtained using three different inversion approaches (Fig. 4e, g, h) , are represented in Fig. 8h . The S-wave average velocity from the three models with standard deviation ± σ is shown in Fig. 8i . We observed that all the three S-wave velocity models fall within one standard deviation of the average velocity, meaning that the models are generally consistent, even though dissimilar local trends are present. The average velocity is around 4.7 km/s just under the Moho, which then increases up to 4.8 km/s between ~ 60 and ~ 90 km, with a further increase up to 4.9 km/s between ~ 170 and ~ 200 km. The mean depth of the LAB can be identified at ~ 200 km. The final LAB depth is the average of the LAB depth from the pink S-wave velocity model (~ 180 km), the LAB depth from the red model (~ 220 km), and the LAB depth from the green model (~ 200 km). The S velocity decreases from 4.9 to 4.75 km/s at the LAB depth.
Discussion
Various rocks have similar seismic velocities, which is a major problem in the geological interpretation of seismic data. The range of potential rocks can be restricted, however, if the tectonic context is properly defined, because this implies the scheme of geological evolution of the discussed site and in consequence the rocks which occur at various structural levels.
Our model refers to the SW margin of the Proterozoic East European Craton adjoining the Trans-European Suture Zone (Fig. 1) , and the sampled depth profile was chosen beneath the central station of the seismic array "13 BB star". The seismic V s data (Fig. 8i) show the occurrence of mantle region with V s velocity increasing from Moho to a ca. 90 km depth, underlain by a layer of small, steady velocity increase 90-180 km. Beneath, at a depth between 180 and 200 km, V s velocity increases significantly. At a depth greater than 200 km the zone of steady velocity decrease occurs. The latter corresponds to asthenosphere, which is suggested by an Fig. 8 Compiled geophysical data at the SW margin of the East European Craton. a Density-depth relations for described approaches for the area of the "13 BB star" and P4 profile. b Average density with standard deviation ± 3σ. c Pressure-depth relationships calculated as a hydrostatic pressure for the crustal and upper mantle rock densities. d Relative pressure compared to pressure calculated for the model with constant density 3.3 g/cm 3 . e The average relative pressure with standard deviation ± 3σ. f Geotherm 1 and Geotherm 2 (Fig. 7 ) and average geotherm with ± 100 °C. g Model of the V p velocity (see Fig. 3b ) with assumed ± 0.15 km/s tolerance band. h S-wave velocities obtained by linear inversion technique, the trans-dimensional Monte Carlo method, and trial-and-error approaches (see Fig. 4e , g, h). i The average V s velocity with standard deviation ± 3σ. See also legend for details description. ND Nafe-Drake intersection of proposed geotherms with the mantle adiabat (Fig. 7) . The geotherm calculated for the "13 BB star" region is located between those typical of the Proterozoic and Phanerozoic regions (see e.g., Glebovitsky et al. 2004 ). The eastern margin of EEC in the northern part of Poland and adjoining part of the Baltic Sea and Scania is characterized by the LAB dipping steeply to the NE from about 120 km to around 200 km (Wilde-Piórko et al. 2010; Plomerová and Babuška 2010) . The Phanerozoic nature of the lithospheric mantle beneath Scania is demonstrated by xenoliths occurring in Jurassic (177 Ma; Tappe et al. 2016) basanites. Rehfeldt et al. (2007) describe the mantle xenolith suite, which is characteristic for Phanerozoic and suggests metasomatic rejuvenation. Since the Scania lavas probably come from asthenosphere at 90-120 km depths (Tappe et al. 2016) , the Scania xenoliths show that the lithospheric mantle was only in the spinel facies of mantle peridotites in the time of volcanism. The spinel Cr# of 0.1-0.2 (Rehfeldt et al. 2007 ) thus suggests that the LAB was located at 70-85 km (assuming a temperature of 1000-1100 °C; Klemme and O'Neill 2000, and compilation of Xiong et al. 2015) . This LAB depth is significantly shallower from that indicated by our seismic data. This can be explained by the location of our observational point which is more to the NE on the LAB slope of EEC. Alternatively, the asthenosphere adjoining the craton was cooled from Jurassic to recent temperatures, and the V s maximum at ca. 90-120 km is the fossil LAB zone from the times of Jurassic rifting.
We have tried to fit the seismic velocities at temperatures indicated by the proposed geotherm and possible mantle peridotite compositions, using the spreadsheet proposed by Hacker and Abers (2004) . However, the reasonable fit for V s was obtained only for the uppermost mantle (down to ca. 25 km below Moho). Immediately below Moho the harzburgite layer was proposed by Puziewicz et al. (2017) . Below that (Fig. 9 ) the geologically reasonable rock compositions yield too slow seismic velocities. Our calculations show that temperature variations within ± 100 °C of the proposed geotherm have little effect on seismic velocities. The example of rock composition used for modeling (relatively rich in the garnet one, to increase the velocities) is shown in Fig. 9 . We suggest that the misfit between observed V s values and the reasonable rocks compositions is the result of the isotropic approach to the problem. Both the Scania mantle xenoliths descriptions of Rehfeldt et al. (2007) and large-scale models of Plomerová and Babuška (2010) show the anisotropy of mantle peridotites, which supposedly affects significantly our seismic velocity measurements.
In the continental scale, the area of the "13 BB star" array is located between the large Proterozoic and Phanerozoic regions. A large differentiation of the seismic structure in the mantle was shown by Hoernle et al. (1995) . This model is consistent with recent models (Fig. 10 ) of relative 
Conclusions
Compilation of available geophysical data in the SW margin of the East European Craton gives a characteristic of the lower lithosphere and asthenosphere down to a depth of 300 km. The seismic P-and S-wave velocities were obtained using different seismic techniques: P-residuals of first arrivals from teleseismic earthquakes, P-wave receiver function and Rayleigh surface wave dispersion curves.
Together with geotherms, density and pressure change with depth, they create a geophysical data set necessary for estimating the composition of mineral rock (Fig. 8) .
For that we used the Hacker and Abers (2004) spreadsheet. The reasonable fit for S velocities was obtained only for the uppermost mantle, down to ca. 25 km below Moho. Below this, the geologically reasonable rock compositions yield seismic velocities that are too slow (Fig. 9 ). The test of temperature effect for petrological modeling shows that temperature variations in the relatively large range ± 100 °C are not significant, which indicates that rock compositions have a dominant effect on modeling results. Beneath the "13 BB star" area, the V s velocities area is high, which is typical for mantle velocities beneath the old Precambrian cratons. However, here they are even 0.1-0.2 km/s higher. Our petrological interpretation shows that the isotropic approach is not sufficient as an explanation and that the seismic structure beneath the "13 BB star" array should be investigated in detail using the anisotropic approach. Fig. 9 Summary of composition modeling. Diagrams show density, V p velocity, V s velocity, and an example of lithospheric mantle compositions used for model calculation by Hacker and Abers (2004) spreadsheet. The primitive mantle after Johnson et al. (1990) assumed to contain no melt. The calculated density, V p velocity and V s velocity are shown by thick green lines, together with dashed lines for temperature − 100 °C (blue) and temperature + 100 °C (red). Below LAB density, V p velocity, V s velocity shown by green broken lines are calculated for the peridotite solidus temperature. Observations under "13 BB star" are gray Fig. 10 Previous regional models of the V s velocity in the mantle down to a depth of 400 km for the transition across the SW margin of the East European Craton-for location see orange dotted line in Fig. 1a . Models are compared to PREM reference model (Dziewonski and Anderson 1981) . Relative anomalies of dV s /V s are shown for a model S2.9EA (Kustowski et al. 2008 ) and for b model SAW642ANb (Panning and Romanowicz 2006) . Moho depth was extracted from the Moho depth map of the European plate 
